The decrease in biodiversity due to increasing urbanization has been well documented, but the processes of colonization and maintenance of wildlife populations in urban areas remain poorly understood. We address this issue using 462 individuals from 10 urban populations of the ant Formica japonica in Kobe City, Japan. We sampled workers regardless of colony identity, genotyped them using 6 microsatellite loci, and estimated allele frequencies and genotypes of reproductive individuals, together with other population genetic parameters, by estimating kinship structure using a likelihood method. Estimated genetic diversity and effective size of populations were not associated with environmental parameters, suggesting that populations are unaffected by urbanization. However, effective population sizes were small, and frequent population bottlenecks were detected. These results suggest that urban F. japonica populations are unstable, and the possibility of frequent extinctions and recolonizations in urban habitats. Populations were moderately differentiated without isolation by distance, suggesting a strong dispersal ability that enables colonization of urban habitats. Dispersal was male biased. Collectively, F. japonica was regarded as an urban adapter, which can colonize urban habitats by virtue of its preference for open ground and high dispersal ability but can persist in urban populations for only a short time, showing a tendency as a temporary urban inhabitant.
Organisms inhabiting urban environments represent an opportunity to investigate the responses of wildlife populations to human impacts. Previous studies have focused on the impact of anthropogenic disturbance on wildlife populations (McKinney 2008) , with the aim to clarify the factors that limit colonization of urban areas from surrounding natural habitats (Evans et al. 2010) . In contrast, some groups of organisms occur in reduced and fragmented habitats in urban areas (e.g., Gardner-Santana et al. 2009; Munshi-South and Kharchenko 2010; Lion et al. 2011) , but how such urban dwellers maintain their populations in such severe environments remains poorly understood.
The properties that enable habitation of urban areas may vary among species (Shochat et al. 2006) . Here, we propose the classification of urban dwellers into 3 hypothetical categories: urban adapter, urban avoider, and temporary urban inhabitant. From these, different predictions of population genetic parameters can be derived, and such a classification may provide insights into colonization of urban areas. First, urban adapters are assumed to have preadapted, or adapted, to the disturbed environment and can exploit habitats affected by anthropogenic activity (Shochat et al. 2006) . Urban adapter species are expected to maintain a high population density and genetic diversity in urban areas (Gardner-Santana et al. 2009) or to show improved density and diversity with increasing urbanization, even if there is little dispersal among highly fragmented populations (Munshi-South and Kharchenko 2010) . A medium-to-low dispersal rate may be important in urban adapters because intensive gene flow can prevent local adaptation of urban populations that experience novel selective forces (Shochat et al. 2006) , suggesting significant genetic differentiation among populations. Urban adapters may maintain stable populations, being likely to attain dispersal-drift equilibrium, which may generate isolation-by-distance patterns (GardnerSantana et al. 2009 ). Most invasive and/or domestic species (urban exploiter; Shochat et al. 2006 ) may also be included in this category, but their genetic diversity may be lower than that of their source populations (Tsutsui and Case 2001) .
Second, most wild organisms are assumed to be sensitive to human-induced environmental changes; such urban avoiders likely reach their highest densities in natural areas. Along with continuous urbanization, populations of urban avoiders can be isolated in fragmented habitats of urban areas (Allentoft and O'Brien 2010) . Populations of urban avoiders are expected to show a decreased population density and genetic diversity and an increase in the degree of inbreeding with increasing urbanization (Delaney et al. 2010; Noël and Lapointe 2010) . The dispersal ability of urban avoiders is often limited, and thus, they likely exhibit strong genetic differentiation among populations in fragmented habitats (Vandergast et al. 2007; Crawford et al. 2011) . The establishment of an isolation-by-distance pattern depends on whether dispersal among isolated populations occurs, and if not, genetic differentiation could be large even between populations in proximity because the effect of drift is greater than that of dispersal (Hutchison and Templeton 1999) .
For organisms with a higher dispersal ability, urban areas may be only a part of their habitable range, and they could easily invade urban areas. If capable of exploiting such habitats efficiently, no inbreeding or population structuring would be expected in urban areas (e.g., Lion et al. 2011) . Otherwise, most species with a high dispersal ability will colonize urban areas, but these are assumed to be able to exploit urban habitats for only a short time and to experience difficulties regarding long-term maintenance of populations without frequent or constant immigration (Takami et al. 2004) because of various environmental stresses in urban areas. Therefore, such species represent temporary urban inhabitants and are expected to experience frequent local extinctions and recolonizations, as evidenced by population bottleneck signatures. Frequent dispersal may hinder genetic differentiation among populations, but recolonization by a limited number of individuals would maintain genetic differentiation (Wade and McCauley 1988) . Frequent dispersal and population turnover within urban areas may enhance the effect of genetic drift, which hinders the generation of isolation-bydistance patterns (cf. Walser and Haag 2012), because differentiation by drift is independent of geographical separation.
Ants have extensively diversified and adapted to a range of terrestrial environments from arid grasslands to forests; for this reason, they are major environmental indicator species (reviewed in Philpott et al. 2010) . Although the effect of urbanization on the diversity of ant species has been investigated repeatedly, only a few studies have addressed the genetic diversity and structure of native ant populations in urban areas (Menke et al. 2010) . The social nature of ants may complicate genetic analyses of urban populations because of the difficulty detecting individual colonies within urban areas. Thus, population genetic analysis that takes into account kinship structure is necessary to understand colonization and population maintenance in urban areas.
Formica japonica (the subgenus Serviformica) is one of the most common ants in Japan and is frequently found in open habitats within lowland to open mountainous regions, including urban areas (Japanese Ant Database Group 2003). Many Serviformica species are pioneering species that prefer open ground created after disturbance (Sundström et al. 2005; Seppä et al. 2009 ). Unlike other Formica species that construct well-defined mound nests, F. japonica, as well as other Serviformica species, nests underground with several cryptic entrances. A study of colony structures using DNA fingerprinting revealed that this species is weakly polygynous: the number of queens within a colony increased after nuptial flight season, suggesting the adoption of newly mated queens by established nests (Masuko et al. 1998) . The queens are monandrous, that is, they mate with a single male, as suggested by genetic and behavioral evidence (Masuko et al. 1998; Kamimura 2008) . In the genus Formica, population genetic structures have been characterized by dimorphic dispersal modalities in the queen, that is, long-range dispersal by nuptial flights and short-range dispersal through adoption by nearby colonies or colony budding, which result in the coexistence of monogynous and polygynous colonies within a species or even within a population (Sundström et al. 2005 ). Short-range dispersal can mediate population viscosity, a spatial distribution of related genotypes. Male-biased dispersal among populations has also been reported in some species (Sundström et al. 2005) . Therefore, understanding the dispersal process is crucial to elucidate Formica ant population genetic structures, and the role of dispersal may manifest in the colonization of urban habitats. Here, we conducted population genetic analyses of urban populations of the ant Formica japonica to address its colonization and maintenance processes in semiurban to urban parks of Kobe City, Japan.
Materials and Methods

Study Population and Environmental Conditions
Previous analysis of ant species diversity in Kobe revealed that F. japonica inhabited 17 of 19 parks (Nakamura 2007) . Of these, we targeted 11 in this present study (Figure 1 ). Note that other Formica species and the slave-hunting ant Polyergus samurai that exploits F. japonica were not found in this area (Nakamura 2007 Figure 1 ) were relatively recently constructed on an artificial island (Rokko Island). The altitude, distance from the mountain, and green coverage ratio, as reported in Nakamura (2007) , were also used as measures of environmental conditions. Additionally, we calculated the fraction of unsuitable habitat (building, road, river, and sea) areas within 500 m and 1 km surrounding the park, using ArcGIS Spatial Analyst (ESRI 2011) with a digital 10-m grid land-use map (Geospatial Information Authority of Japan 1996). Kobe Port is known to have been invaded by the Argentine ant (Sunamura et al. 2007) , but this was not reported in our study sites, and we did not detect this species during sampling.
Sampling and Genotyping
We collected forager ants regardless of colony identity and attempted to estimate population genetic parameters in conjunction with kinship structures from collected worker genotypes (Wang and Santure 2009 ; see the following section). Because F. japonica nests underground with several cryptic entrances, individual nests are difficult to distinguish.
This characteristic makes it difficult to find and discriminate among individual colonies, and to excavate nests, especially in urban parks. Thus, we collected adult workers nonsystematically by searching the entire park area, from 20 July to 20 September 2010. We aimed to catch more than 50 workers per park. Ants were stored in 50 mL centrifuge tubes in 99% ethanol. When sample sizes were fewer than 50, we conducted additional sampling in October 2010 (only in Takaha Figure 1) .
Worker genotypes were determined at 6 microsatellite loci (Fy3, Fy4, Fy7, Fy9, Fy12, and Fy13) using polymerase chain reaction (PCR) primers developed for Formica yessensis (Hasegawa and Imai 2004) . Total DNA was extracted from the heads of workers in 200 µL tubes using the Wizard ® DNA Purification Kit (Promega). PCR amplification and fluorescent labeling of the amplified products followed the method of Shuelke (2000) , with appropriate annealing temperatures (54 °C for Fy4, Fy12, and Fy13; 50 °C for Fy3, Fy7, and Fy9) using Ampli Taq Gold 360 Master Mix (Applied Biosystems). Amplification reactions were carried out in 10 µL volumes. Amplified fluorescent fragments were analyzed using an ABI Prism 310 Genetic Analyzer with GeneScan HD 400 ROX size standard (Applied Biosystems). Signals were detected using GeneScan 3.2.1, and band sizes were determined with Genotyper 2.5 (Applied Biosystems).
Estimation of Allele Frequency and Parental Genotype
We jointly estimated allele frequencies and parental genotypes by partitioning nonsystematically collected worker genotypes into full-sib families, based on the likelihood method using Colony ver. 2.0 (Jones and Wang 2010) . Briefly, this method estimates allele frequencies and kinship structures within a population in a reciprocally updating manner because if the former is given, the likelihood of the latter can be calculated and vice versa (Wang 2004) . Parental genotypes were also estimated from offspring genotypes and reconstructed kinship structures based on maximum likelihood (Wang 2004) . This method has 3 advantages: 1) unlike current methods for kinship estimation based on pairwise comparison of individual genotypes, this method uses all genotypes within a population together, thus using information more effectively; 2) this method takes into account null alleles, mutations, and other genotyping errors in estimation; and 3) other useful population genetic parameters (i.e., inbreeding coefficient and effective population size) can be estimated simultaneously (Wang 2009; Wang and Santure 2009 ). Hereafter, "queen" and "male" denote reproductive individuals (queen and colony father, respectively) for which genotypes were reconstructed from worker genotypes.
Prior to "Colony" analyses, the frequencies of null alleles were estimated based on worker genotypes using MicroChecker ver. 2.2.3 (Oosterhout et al. 2004) . If null-allele frequency was significantly greater than 0 at the 95% level, the estimated null-allele frequency was assigned as the allelic dropout rate at the locus in "Colony" analyses, and 0.01 was assigned to the remaining loci as a background error rate. Note that no locus consistently involved null alleles throughout the study populations. We assigned 0.025 as the rate of other kinds of genotyping error (including mutation) at all loci. Mating systems were assumed to be both-sex monogamy, which resulted in only full-sib families. Queen monogamy has been confirmed in F. japonica across a broad geographical range (Masuko et al. 1998; Kamimura 2008) . Despite the paucity of information on male mating frequency in this species, male ants usually possess only a limited sperm supply, suggesting monogamy or very low levels of polygamy (Boomsma et al. 2005) . Full-likelihood analyses were performed with 3 replicates of "very long" runs with allele frequency updating activated. Note that a simulation study showed that "Colony" analyses using 6 loci had sufficient power in sibship inference, especially in haplodiploid species with genotyping errors taken into account (allele number = 10, heterozygosity = 0.9; see Figure 1 in Wang 2004) . Our study populations involved relatively low genetic variation (mean allelic number = 5.9 [range: 2-14], mean heterozygosity = 0.62 [0.20-0.88]), suggesting the power is weak in some cases.
Genetic Diversity and Population Size
To check the suitability of the 6 microsatellite loci that were characterized in another species, we examined HardyWeinberg equilibrium for each locus and linkage equilibrium for each pair of loci, based on estimated queen genotypes using Genepop 4.2 (Rousset 2008) .
To examine whether population size and genetic diversity decrease with increasing urbanization, we determined whether the estimated genetic diversity and population size were associated with environmental parameters.
Genetic diversity within populations was evaluated by allelic richness (AR) and expected heterozygosities (H E ). Unbiased expected heterozygosity (UH E ) was computed as Nei 1987, equations 8.4 and 8.5) , where H E was calculated from the estimated allele frequencies, and N male and N queen were the estimated number of males and queens in "Colony" analyses, respectively. Note that the lack of the factor of 2 in N male corresponds to the haploid nature of Hymenopteran males.
The degree of inbreeding was evaluated by 2 methods. First, we activated the "inbreeding" option in "Colony" analyses, which estimates an inbreeding coefficient (F) in addition to other parameters. The significance of estimated inbreeding coefficients was tested by consulting the log-likelihood ratio of 2 "Colony" models with and without inbreeding at 1 degree of freedom (Wang J, personal communication 2011) . Second, we used estimated queen genotypes to calculate ordinary inbreeding coefficients, the significance of which was tested by the randomization procedure implemented in Fstat ver. 2.9.3.2 (Goudet 2002) .
Effective population sizes (N e ) were estimated by the following 3 methods. First, we used the estimated number of full-sib families as an indicator of reproductive individuals. Second, we used the sibship assignment method (Wang 2009) implemented in Colony ver. 2.0. The analyses were carried out simultaneously with the estimation of allele frequencies and parental genotypes described above. This method is suitable for our data set, which comprised nonsystematically collected worker genotypes with background kinship structures. Note that this method provides unbiased estimates of N e in terms of sample sizes of progeny (Waples and Waples 2011) . Third, we used an approach using summary statistics and an approximate Bayesian computation implemented in the program ONeSAMP ver. 1.2 (Tallmon et al. 2008) . Only queen genotypes were used because ONeSAMP accepts diploid data only.
To examine the possibility of population bottlenecks, we tested the heterozygote excess for a given level of allelic richness expected from a constant population size, using Bottleneck ver. 1.2.02 (Piry et al. 1999 ) with 10 000 iterations under the infinite allele model (IAM) and the 2-phased mutation model (TPM). TPM was assumed as a mixture of 78% of the stepwise mutation model in addition to IAM, with 11.92 for variance of multirepeat mutations, as suggested by Peery et al. (2012) based on empirical evidence of microsatellite mutations.
Genetic Differentiation and Sex-Biased Dispersal
We compared the population genetic structures between the 2 data sets comprising the male and queen genotypes, in addition to analyzing the total data set including both sexes. The aim was to characterize sex-biased dispersal in F. japonica populations, which predicts that the dispersing sex should be less genetically structured among populations and should comprise more varied genotypes within the population. Note that our data set involved parental genotypes estimated from their daughters (workers), which allowed us to analyze sexspecific modes of dispersal that occur before reproduction Hardy et al. 2008) . Given equal effective population sizes and migration rates, genetic differentiation (such as evaluated by F ST ) in a haploid organism is expected to be approximately twice as large as in a diploid organism because the number of alleles involved in the gene pool of the haploid organism is half as many as in the diploid organism; thereby genetic drift is stronger in the haploid organism. However, in a haplodiploid organism, 2 estimates of genetic differentiation based on 2 subsets of haploid and diploid individuals should be comparable because they share a single gene pool with a unique effective population size (Engel et al. 2004) .
Genetic differentiation among populations was evaluated using global and pairwise F ST . The use of F ST , instead of R ST assuming a stepwise mutational model, was justified by the nonsignificant result of the allele permutation test (P = 0.30 for global R ST based on all loci) using SPAGeDi ver. 1.3 (Hardy and Vekemans 2002) and based on estimated parental genotypes. The statistical significance of F ST was tested with 10 000 permutations of the genotypes using MSA ver. 4.05 (Dieringer and Schlötterer 2003) , which can handle both diploid and haploid genotypes in a single data set. Sexual differences in genetic differentiation were examined based on an analysis of molecular variance (AMOVA) for estimating the fractions of genetic variation assigned within and between populations. Statistical significance in AMOVA was tested with 10 000 permutations of the alleles using GenAlEx 6.41 (Peakall and Smouse 2006) , in which "suppress within individual analysis" option was activated for comparing diploid (queen) and haploid (male) data sets. Isolation by distance was examined by Mantel test with 10 000 randomizations, based on F ST /(1 − F ST ) and log-transformed geographical distance between populations using GenAlEx.
Genetic structuring was also examined by Bayesian clustering analysis using Structure ver. 2.3.2 (Pritchard et al. 2000) , under assumptions of a minimal Hardy-Weinberg disequilibrium and linkage disequilibrium within clusters. The number of clusters (K) was varied from 1 to 10 to determine the optimal number, and male and queen genotypes were analyzed separately. Ten independent runs were performed to ensure consistency, with a burn-in period of 10 000 steps followed by 1 000 000 Markov chain Monte Carlo iterations. We assumed correlated allele frequencies and an admixture model while running the program.
Sex-biased dispersal was also investigated using an assignment test. Current framework of assignment tests often uses individual genotypes and allele frequencies within populations to calculate the probabilities that the genotype should appear in the populations (i.e., assignment index; Goudet et al. 2002) . However, currently available software cannot handle data involving different ploidies. Therefore, here we used a canonical discriminant analysis as proposed by Engel et al. (2004) , using JMP ver. 8 (SAS Institute 2009). Each allele for all 6 loci was regarded as a variable, and individual genotypes were coded based on the possession of alleles, such as 0, 1, or 2 for diploid and 0 or 1 for haploid individuals. Populations were used as the classification variable. The most frequent alleles in each locus was removed for avoiding autocorrelation (Engel et al. 2004) . We computed the fraction of individuals classified to their resident populations and compared between sexes. We expected that the more philopatric sex should be more frequently classified to their resident populations.
Results
Allele Frequency and Parental Genotype
We analyzed 462 workers from 10 populations (Table 2) . Despite repeated attempts, no sample was obtained from TAP, although a population existed there 4 years ago (Nakamura 2007 ). In addition, we were able to collect only a small number of ants in KOP despite repeated samplings, suggesting that local populations have been severely reduced or even extirpated. No null allele was detected in 2 loci (Fy9 and Fy12) but was detected in 3 loci in single populations (Fy3: N4P; Fy4: Otabi park [OTP]; and Fy7: YAP) and in 1 locus in 4 populations (Fy13: Tsurukabuto park [TKP], Shinohara park [SHP], EAP, and WEP). Null-allele frequencies ranged from 0.0725 to 0.1595, which were taken into account when estimating allele frequencies and parentages. Variability of each locus was shown in Table 3 .
All populations showed nonsignificant differences in likelihood scores between "Colony" models with and without the effect of inbreeding (log-likelihood ratio < 1.24, df = 1, P > 0.05), with the exception of the WEP population that preferred an inbreeding model (log-likelihood ratio = 6.09, df = 1, P < 0.001). Thus, we assumed the presence of inbreeding when estimating allele frequencies and parental genotypes in the WEP population only. As a result, we recovered 167 full-sib families in total, and mean family size was 2.77 (range: 1-17). Forty families (24.0%) involved only 1 offspring, suggesting ambiguity in estimations of parental genotypes. Thus, we analyzed 2 series of data sets including and excluding these singleton families for analyses of genetic differentiation and sex-biased dispersal because these analyses largely depend on estimated parental genotypes. We obtained virtually the same results and report on the former data set only.
Genetic Diversity and Population Size
All the 6 loci did not depart from Hardy-Weinberg equilibrium when examined across all populations (P > 0.101). Linkage disequilibrium was significant only in the pair of Fy7 and Fy13 when examined across all populations (P = 0.036). The linkage disequilibrium between Fy7 and Fy13 was not consistent within populations and significant only in TKP (P = 0.022) and WEP (P = 0.016), suggesting only a loose linkage or a product by chance. Thus, we assumed that these genetic markers are independent from each other.
Genetic diversity within populations was moderate to high with respect to heterozygosity scores and varied weakly among populations compared with population sizes (see below): AR was 3.72-5.22, H E was 0.524-0.677, and UH E was 0.579-0.731 (Table 2 ). In contrast, estimates of population sizes were small, at most several 10s and showed 3-to 5-fold variation among populations: the estimated number of full-sib families was 7-22, the N e by sibship assignment method using Colony was 9-43, and the N e by approximate Bayesian computation using ONeSAMP was 8.2-41.5 (Table 2 ). The estimates of N e generated by 2 independent methods did not differ (paired t-test, t 9 = 0.459, P = 0.66) and were moderately correlated, with marginal statistical significance (r 10 = 0.572, P = 0.084). The estimated number of full-sib families also corresponded well with the estimates of N e , especially in small populations (e.g., TKP, KOP, and OTP; Table 2 ). This suggests that our sampling scheme captured most of the families inhabiting the urban parks under study, at least in the case of small-to medium-sized populations.
Six indicators of environmental condition (distance from the mountain, altitude, habitat area, green cover ratio, or the fraction of unsuitable habitat within 500 m and 1 km surrounding the park) did not significantly explain the variation in AR, H E , UH E , number of full-sib families, N e by Colony, and N e by ONeSAMP (general linear models, P > 0.086). Habitat age was significantly negatively associated with N e by Colony (b = −0.418 ± 0.156, t 9 = −2.67, P = 0.0283) but not with N e by ONeSAMP (b = −0.057 ± 0.182, t 9 = −0.32, P = 0.76) or with other diversity variables (P > 0.60). Land origin also had no significant effect on these genetic diversity and population size variables (t-test, P > 0.18).
A significant inbreeding coefficient (F IS ) was consistently detected only in the WEP population, the southernmost one on an artificial island, based on a population-wise Colony analysis (F IS pop ) and an ordinary F statistic based on diploid queen individuals (F IS queen ; Table 2 ). No indicators of environmental parameters significantly explained the variation in F IS (general linear models, P > 0.084), except for the association between habitat area and F IS pop (b = 1.93 × 10 -6 ± 7.37 × 10 -7 , t 9 = 2.45, P = 0.04).
Population bottlenecks were evidently common in our study populations. Under the assumption of IAM, a total of 7 of 10 populations showed significantly higher heterozygosities than expected from constant population sizes and 1 (N4P) with marginal significance (P = 0.0547; Table 2 ). When TPM was assumed, 3 of 10 populations still remained significant and 1 (TKP) with marginal significance (P = 0.0781; Table 2 ). Two populations (SHP and KOP) showed no sign of a population bottleneck.
Genetic Differentiation and Sex-Biased Dispersal
Genetic differentiation among populations was moderate with respect to the guidelines by Wright (1978) but highly significant when the data of both sexes were combined (global F ST = 0.081, P = 0.0001). When analyzing genotypes of each sex separately, the genetic differentiation among populations was larger in females than in males, as indicated by global F ST values (female vs. male: 0.103 vs. 0.076), both of which were highly significant (P = 0.0001). AMOVA also indicated that 10% of the total genetic variation was distributed among populations in the queen subset data (P = 0.0001) but 5% in the male subset data (P = 0.0001).
We found no isolation-by-distance pattern in any subset. Linearized pairwise F ST between populations was not significantly correlated with log-transformed geographic distance in either sex or both sexes combined (queen: Mantel r = −0.019, P = 0.4745; male: Mantel r = 0.154, P = 0.1164; both: Mantel r = 0.087, P = 0.2135). Bayesian clustering analyses using Structure showed weak but significant genetic differentiation in queens but no differentiation in males. The highest likelihood value of the queen data set was observed with K = 3 (mean Ln P [D] = −2524.70), which was significantly greater than that with K = 1 (i.e., no differentiation; mean Ln P
[D] = −2620.30, t 10 = 94.3, P < 0.0001, Figure 2a) . The 3 clusters largely comprised the pair of populations at SHP and HHP, the single population at OTP and the 7 remaining populations, all of which are largely admixtures of the 3 genetic clusters (Figure 2c ), indicating associations with neither environmental gradient nor land origin. In contrast, the highest likelihood value of the male data set was obtained with K = 1 (mean Ln P [D] = −1418.05), and models with K > 1 seemed to be highly unstable with respect to large variation in likelihood values (Figure 2b) .
The canonical discriminant analysis for assignment tests showed that the males are dispersers, whereas queens are more philopatric. On average, 79.0% of queens were classified to their own populations (range 59-100%), whereas 47.6% of males were regarded as residents (range: 31.6-68.4%; Table 2 ). This difference between sexes was signficant (Wilcoxon signed-rank test, P = 0.002).
Discussion
Genetic Diversity and Structure of Urban Populations
This study is one of a few seminal studies on genetic diversity and structure of native ant populations in urban areas (e.g., Menke et al. 2010) . Although a relatively small sample size (10 parks) may be responsible for low statistical power, the lack of an association between environmental conditions and genetic diversity and effective population size suggests that the F. japonica populations are unlikely to be affected by urbanization. Ants occurred in parks isolated within urban areas and also in parks on an artificial island, suggesting their ability to colonize open habitats. The ecology as a pioneering species could serve as a preadaptation to urban environments, being indicative of an urban adapter. However, at the same time, the populations of F. japonica seemed unstable, as revealed by frequent population bottlenecks (30-70% of populations) and the relatively small effective populations (N e = 8-43). These population sizes are comparable with or less than those in threatened hymenopteran populations (Ellis et al. 2006 ). These results indicate that these populations may seldom reach the maximal size determined by habitat capacity. The results of Bottleneck analyses should be interpreted cautiously because the assumption of mutation-drift equilibrium could be violated due to frequent dispersal among populations as shown also in this study: the genetic signature of bottlenecks can be masked by even small numbers of migrants (Busch et al. 2007 ). On the other hand, relatively small effective population sizes (N e = 9-43) may facilitate the detection of bottlenecks (Peery et al. 2012) . It is notable that we observed the disappearance of ants from 2 of 11 study sites within periods of months to years (ants were present 4 years prior to sampling in TAP and several months prior in KOP), suggesting frequent local extinctions. These results indicate the possibility of rapid population turnover through frequent local extinctions and recolonizations. Although we cannot discriminate whether the instability of the populations are the result of urbanization, or of their own characteristic in nature, it is plausible that F. japonica is a temporary inhabitant of the urban environment. Similar observation was obtained in the closely related Formica lemani (the subgenus Serviformica), inhabiting early successional stages of boreal forests (Seppä et al. 2009 ).
Moderate genetic differentiation among populations and a lack of isolation by distance indicate the high dispersal ability of this species, even in urban areas. Dispersal was biased to the male, and their dispersal ability was sufficient to homogenize the genetic composition of the urban populations, as indicated by the results of Bayesian clustering analysis (K = 1) based on male genotypes. In contrast, the queen was inferred as the more philopatric sex, potentially being responsible for the significant genetic differentiation among populations and rough genotypic clustering (K = 3) based on queen genotypes. The relatively weak dispersal in the queen may reflect dichotomous dispersal strategies in Formica queens: shortrange dispersal or colony budding, and long-range dispersal of queens by nuptial flights (Sundström et al. 2005) . The former mode of dispersal can lead to emergence of new colonies formed near the natal colony or polygynous colonies by introduction of new queens into an extant colony, which has been reported in F. japonica (Masuko et al. 1998) . In contrast, the latter mode of dispersal may be as intensive as dispersal by the male and could be partly responsible for the lack of isolation-by-distance patterns based on queen genotypes. The latter mode of dispersal by the queen may allow the ant to colonize isolated habitats within urban areas. One notable example is one of the southernmost populations (WEP), situated on an artificial island facing the sea, which probably receives few immigrants from the south, possibly resulting in an increased rate of inbreeding between individuals originating from the same population (this was the only population with significantly positive F IS ). This suggests the importance of immigration for avoiding inbreeding and for maintaining populations in urban areas. The population in WEP involved a null allele in the locus Fy13 (estimated frequency = 0.11), but the frequency was comparable with cases in other populations (mean frequency = 0.10), suggesting the null allele was not responsible for observed inbreeding.
We have inferred that significant genetic differentiation among F. japonica populations could be due to queen's philopatry, but limited dispersal may not be the sole source of the observed genetic differentiation. Frequent population bottlenecks and local extinctions, and subsequent recolonization and founder effects, may allow genetic drift to play a role in the generation of genetic structures, possibly resulting in the genetic differentiation observed in the study populations (Wade and McCauley 1988) . This process may explain the apparent inconsistency in the results of male's genetic differentiation: Bayesian clustering analyses suggested a single large population, whereas AMOVA indicated relatively weak but significant differentiation. Even if males can disperse freely among populations (as suggested by the former analysis), the realized set of male genotypes could differ among small-sized populations (as in the latter result) by chance (Wade and McCauley 1988) .
Utility of Joint Estimation of Kinship and Population Genetic Parameters
This study has implications for the joint estimation of kinship and population genetic parameters in samples with unknown kinship structures. We estimated sibship and their parental genotypes, background allele frequencies, and other population-level parameters, using the likelihood method implemented in the Colony software (Wang and Santure 2009; Jones and Wang 2010) . This framework allowed us to simplify our field sampling design (nonsystematic collection of worker ants), compared with colony-based sampling (e.g., Hardy et al. 2008; Seppä et al. 2009 ). In addition, population genetic parameters could be estimated more effectively by taking kinship information among population members into account than by assuming independence of individuals with unknown kinship. Thus, this framework may be useful in genetic analyses of populations involving kinship structures with sampling limitations. In contrast, this method cannot infer colony-level characteristics, such as the number of reproductives within a colony and relatedness among colony members, which are crucial parameters in studies of social evolution. Additionally, it is unclear whether this method works properly in more complex situation, such as involvement of reproductives sharing sibship. Further studies comparing observed and genetically estimated kinship structures may be necessary.
Joint estimation of kinship and population genetic parameters can involve some ambiguity in output because it is performed in a heuristic manner (Wang and Santure 2009 ). Although we used only the best (maximum likelihood) configuration of sibship structures in subsequent analyses, the ambiguity of the configuration may be evaluated using the list of other plausible configurations. We indirectly checked the effect of ambiguity in parental genotypes estimated from only 1 offspring (i.e., singleton families). We eliminated such genotypes but found virtually no change in the results of subsequent population genetic analyses, indicating that the present framework is robust to this type of ambiguity.
The likelihood basis of this method has the potential to provide flexible hypothesis testing using a likelihood ratio test. We attempted to examine the inbreeding hypothesis and obtained results consistent with those using an ordinary F statistic. Other parameters in the models could be examined in the same way, but further research is necessary (Wang J, personal communication 2011) . In addition, we estimated effective population sizes using the sibship assignment method implemented in the software and compared the results with those of the other method. Despite difficulties in estimating effective population sizes from single-generation samples (Wang 2009; Waples and Waples 2011) and relatively large confidence intervals for estimates (Table 2) , the results of these analyses were reasonably consistent (see Results). Collectively, the present results provide empirical support for the utility of joint estimation of kinship and population genetic parameters.
In conclusion, F. japonica was inferred as an urban adapter because of no association between urbanization and genetic diversity and population size but showed a tendency as a temporary urban inhabitant in terms of signatures of frequent population bottlenecks and local extinctions. Queen's philopatry and genetic drift may maintain significant genetic differentiation among populations. Analysis of populations in their native habitats is necessary to further understand the population structure of this species. Joint estimation of kinship and population genetic parameters may be useful in studies of wildlife populations with unknown kinship structures.
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